Light reflecting structures (iridophores) were examined in live Doryteuthis gahi with mantle lengths (ML) between 50 and 420 mm, both during trawl surveys onboard ship and in shallow-water spawning grounds (10-15 m depth) by SCUBA divers around the Falkland Islands. Several types of iridophores were distinguished based on their shape, colour reflection and position on the body. Ventrally, silvery iridophores cover pigmented organs such as the eyeballs and ink sac and might be used for countershading the squid body. Pink iridophores (splotches) cover the whole mantle, head, fins and arm bases. Green-red iridophores on the dorsal side of the eyeballs, as well as pink splotches on the dorsal and lateral mantle, head and arm bases can be either uncovered or masked by overlaying chromatophores. Two specific bright green stripes of iridophores develop under the fins only in females with ML .80 mm; these may be involved with distant sex recognition, both in forming unisex schools and in 'preliminary mating' in the twilight feeding grounds located at the shelf edge. During solitary egg laying in shallow waters, females mask these green stripes almost completely using the overlying chromatophores.
INTRODUCTION
One of the most striking features of cephalopod molluscs is their ability to show and instantly change the colour of their skin for camouflage and communication (Hanlon & Messenger, 1996) . Two main structures within the skin of loliginid squids are responsible for the body coloration. Squid chromatophores are special organs located in the superficial skin layer containing brown, red or yellow pigment sacs. Expansion or retraction of the pigment sacs of a given pigment colour using radial muscle fibres makes the skin darker or paler (Florey, 1969) . Iridophores are special cells that contain stacks of protein plates interspersed with cytoplasm; they are located deeper in the skin than chromatophores (Cooper & Hanlon, 1986; Kramer, Crookes-Goodson, & Naik, 2007) . The thickness of the plates and cytoplasm spaces determines the light wavelength reflected by the iridophores (Land, 1972; Cooper, Hanlon, & Budelmann, 1990) , with the light also becoming linearly polarized (Ma¨thger & Denton, 2001; Ma¨thger & Hanlon, 2007; Ma¨thger, Shashar, & Hanlon, 2009b) . Usually, chromatophores are dispersed across the whole body, whereas iridophores are clustered to form patterns such as spots or stripes in particular places (Cloney & Brocco, 1983) . Simultaneous action of pigmented chromatophores and structural reflectors such as iridophores enable cephalopods to show an amazing spectrum of body patterns and colours (e.g. Hanlon & Messenger, 1996; Ma¨thger & Hanlon, 2007) .
The concerted action of chromatophores and iridophores has been studied mainly in shallow-water temperate and tropical species of cephalopods that live in well-lit conditions near shore. These have included several species of cuttlefishes, loliginid squids (Sepioteuthis species, Loligo species, Lolliguncula brevis and Alloteuthis subulata) and octopodids (Octopus species, Hapalochlaena species and Eledone cirrhosa), either observed in situ by divers or underwater video cameras, or during maintenance of live animals in aquaria (Hanlon & Messenger, 1996) . Cephalopods change their coloration depending on their behaviour. Chromatophores may change the size of their pigment sac within less than a second, whereas it takes from several seconds to minutes for iridophores to change their reflectance (Ma¨thger & Hanlon, 2007; Ma¨thger et al., 2009a; Wardill et al., 2012) . Expanded chromatophores can mask underlying iridophores that might be used for visual signalling in schooling animals and during mating (Ma¨thger et al., 2009b) .
The Patagonian squid Doryteuthis gahi (d'Orbigny, 1835) is the coldest-water species in the family Loliginidae; it inhabits shelves of South America from the southeastern Pacific to the southwestern Atlantic (Jereb & Roper, 2010) . Unlike most of its temperate and subtropical congeners, this squid spends a significant portion of its life cycle in deep water over the shelf edge and continental slope, as does D. pealei in the northwestern Atlantic (Brodziak & Hendrickson, 1999) . The spawning and nursery grounds of D. gahi are in shallow waters (20-70 m depth; Arkhipkin, Laptikhovsky, & Middleton, 2000) . During growth, juvenile and immature squid migrate to the Patagonian Shelf edge (250-350 m) to feed for 2-5 months before returning to shallow waters to spawn. In their feeding grounds, D. gahi aggregate in dense schools near the bottom during daytime, where they are targeted by a fishing fleet, and disperse in the water column at night (Arkhipkin et al., 2004; Arkhipkin, Middleton, & Barton, 2008) . Sex ratios in feeding aggregations depend on depth: females occur deeper than do males (Arkhipkin & Middleton, 2002) . Just before spawning migrations, most females have their first 'preliminary' mating in which sperm are placed in the spermatophoric receptacle located ventrally in the buccal membrane (Rasero & Portela, 1998) . The light intensity in deep-water feeding grounds located beneath the euphotic zone is ,0.1% of that observed in shallow-water spawning grounds (Ryther, 1956) . Like most loliginids, D. gahi lacks light organs ( photophores). Therefore, to facilitate recognition between conspecifics during schooling and mating in the twilight conditions of their deep-water feeding grounds, D. gahi might use the system of light-reflecting iridophores together with their overlaying chromatophores.
The aim of the present study is to examine the previously undescribed colour and arrangement of iridophores on the body of males and females of D. gahi and to compare them with those observed in shallow-water loliginids.
MATERIAL AND METHODS
Coloration of the skin in live Doryteuthis gahi with mantle length (ML) between 50 and 420 mm was examined onboard ship during three scientific surveys carried out on their feeding grounds at depths between 180 and 350 m to the east of the Falkland Islands, between 50830 0 S and 52830 0 S, in 2011-2012. Immediately after offloading the catch to the fish bins of the trawler, live squid with completely undamaged skin were taken from the conveyer belt located in the ship's factory and put into clear plastic tanks filled with running seawater. Squid were maintained alive in the tanks for up to 3 d, but were not fed due to the lack of proper food. Their skin patterns were observed from various angles, as iridophore coloration appears to change depending on the angle of observations (Ma¨thger & Denton, 2001) . The squid were photographed without flash from different angles using a Canon 60D camera equipped with Canon 18-35 macro lens and tripod, both under natural (on the ship deck) and artificial light coming from fluorescent bulbs attached to the ceiling (inside the ship factory). After being photographed, some squid were taken from the tank and euthanized on ice. Iridophores located on the ventral side of the eye and mantle were photographed immediately after euthanasia using the same camera and technique. The squid were measured to 1 mm of the dorsal ML and dissected to assign sex and maturity stage. Additionally, the internal iridophore covering of the ventral and lateral surfaces of the ink sac was also photographed.
All observed iridophores were classified by their location on the squid body. Their size, shape and colour under natural and fluorescent light were recorded.
Live squid were also observed in their shallow-water spawning grounds at 10 -15 m depth during the day by SCUBA divers from the Shallow Marine Survey Group while performing their regular weekly underwater surveys of coastal areas near Stanley, Falkland Islands (51837 0 S, 57845 0 W). Spawning squid were photographed using underwater digital still cameras with flash as described by Brown, Laptikhovsky, & Dimmlich (2010) . Figure 1 . Doryteuthis gahi eyeball iridophores. Semi-exposed (A) and exposed (B) dorsal iridophore with contracted chromatophores in euthanized squid and dorsal iridophore of the left eyeball masked by expanded chromatophores in a live female observed in situ in shallow waters (C); ventral iridophores (D) with anterior (ant) and posterior ( pst) lobes.
RESULTS

Eye iridophores
Eye iridophores were most prominent and well developed on both the dorsal and ventral parts of the silvery eyeballs of Doryteuthis gahi. The dorsal one is an elongated oval iridophore that occupied about one-quarter of the total circumference of the eye (Fig. 1A -C) . They are the brightest of all the iridophores. The prevalent colour is green with a red stripe on the outer edge (Fig. 1B) . The skin over the dorsal iridophore has numerous, densely spaced brown chromatophores that could significantly change the intensity of its reflection (Fig. 1A, B ). In a live female observed in situ in shallow water, the dorsal iridophores were almost invisible as they were covered by expanded chromatophores (Fig. 1C) .
The ventral iridophore of the eye is bilobed, divided in the middle by a white opalescent stripe (Fig. 1D ). Both lobes (anterior and posterior) are oval, with the posterior lobe being longer and brighter than the anterior. The ventral iridophore occupies approximately one-third of the eye circumference on the ventral side. The prevalent colour of both lobes is silvery blue, with the posterior lobe also looking greenish at certain angles of incident light (Fig. 1D ). Sparse chromatophores are present only over the anterior and posterior parts of the ventral iridophore and should not change its light reflection noticeably.
Eye iridophores are developed both in males and in females over the whole size range analysed. No sexual dimorphism was observed in either shape or colour.
Body iridophores
The mantle, base of the arms and head are covered both dorsally and ventrally with small round iridophores that make a particular 'leopard-skin' pattern, with a brown chromatophore located in the centre of each iridophore circle, called a 'splotch' (Hanlon, 1988) . Fins and arm tips lack splotches. Body iridophores reflect pinkish-yellow colours ( Fig. 2A -C) . The anterior edge of the mantle has a uniform and dense arrangement of splotches, forming a pink collar around the head of the squid ( Fig. 2A) . The splotches are present in both sexes and in all sizes analysed.
Another type of iridophore was observed on the mantle just under the fins, close to their bases. These iridophores are narrow (1-3 mm wide) stripes, parallel to the fin bases, which reflect a green (very rarely greenish blue) colour ( Fig. 2E-G) . Small squid (,80 mm ML) lack these green stripes. The stripes start to appear as narrow iridescent green streaks on each side of the mantle under the middle of the fin base in squid of ML 80-90 mm; they gradually lengthen to meet the edges of the fin in larger animals (ML .100 mm). With the chromatophores expanded, these two green stripes are hardly visible from the dorsal side through the skin and the semitransparent muscle tissues of the fin, either in euthanized (Fig. 2G ) or live squid (Fig. 3A) . When observed from the lateral and ventral sides, green stripes were more prominent (Fig. 2E ). The green stripes characterized only female (both immature and mature) squid; none were observed on male squid (Fig. 2D) . The green iridescent stripes were so prominent that they enabled the squid to be sexed without opening the mantle for dissection. In dead squid, these stripes become inconspicuous, probably due to the loss of translucency of mantle tissues.
Internal iridophores
Only one internal iridophore is present in D. gahi. Occupying the entire ventral and lateral surfaces of the ink sac, it reflects a Figure 2 . Doryteuthis gahi body iridophores in euthanized squid. Pink iridophores (splotches) on the antero-dorsal edge of the mantle ('collar', A), ventral side of the head and bases of arms (B; ant, anterior region; pst, posterior region) and on the dorsal and lateral sides of the mantle forming a 'leopard-skin' pattern (C). Absence of green-stripe iridophore under the male fin base (D) and its presence under the fin base of a female (E). The green stripe as seen from the dorsal side through the semitransparent muscles of the fin, with contracted (F) and expanded (G) chromatophores. silvery-white colour (Fig. 4A, B) . These iridophores were also observed in all analysed squid independent of sex, maturity stage and size.
DISCUSSION
The types and arrangement of iridophores on and in the body of Doryteuthis gahi are remarkably similar to those in other species of Loligo and Doryteuthis, including L. vulgaris, L. forbesi, L. reynaudii, D. plei, D. pealei and D. opalescens (Hanlon, 1982 (Hanlon, , 1988 Hanlon, Smale, & Sauer, 1994; Hanlon et al., 1999; Ma¨thger & Denton, 2001; Ma¨thger et al., 2009b; DeMartini & Morse, 2012) . They seem to be characteristic of representatives of the former genus 'Loligo' sensu lato inhabiting both Atlantic and northeastern Pacific waters, but differ somewhat from those of other loliginid squid, such as Alloteuthis subulata (Ma¨thger & Denton, 2001) .
Iridophore shape, colour reflection and placement make it possible to classify them into various groupings. The most opaque organs in the squid body are the eyeballs and ink sac. In D. gahi, both organs have typically silvery (in the case of the ink sac) or silvery blue (in the case of the eyeballs) stripes of iridophores covering the entire organ on the ventral and lateral sides.
These ventral iridophores may decrease the appearance of the darker silhouette of the squid against the brighter background of the water surface when observed from beneath and could therefore conceal the animal from a potential predator (Denton & Land, 1971; Ma¨thger et al., 2009a; Holt et al., 2011) . The rest of the body of D. gahi is semitransparent and the ventral side of the mantle, head and arms lacks the silvery iridophores. However, the ventral and lateral sides of the squid are densely covered by a network of pink iridophores, which may also mask the squid silhouette. It has been suggested that light passing through the semitransparent body from above at oblique angles may be channelled downwards by the ventral iridophores, resulting in further decrease of the shadow when observed from below (Ma¨thger & Denton, 2001; Ma¨thger et al., 2009a) . Thus, as in other loliginids, D. gahi has a set of ventral iridophores that function effectively to camouflage both pigmented and semitransparent parts of its body, in concert with less dense and lighter ventral chromatophores as opposed to denser and darker dorsal and lateral chromatophores (Fig. 3B) .
Other iridophores may function as recognition devices for schooling squid (Hanlon & Messenger, 1996) . In particular, the well-developed dorsal eye iridophores, which have a fluorescent layer as in other congeneric squid such as D. plei and D. pealei, might be used by individual squid for recognition in schooling behaviours (Ma¨thger et al., 2009b) . The dorsal eye iridophores are either very conspicuous when overlaying chromatophores are retracted, or almost completely masked when these chromatophores are expanded. The masking of the dorsal eye iridophores was observed in D. gahi females laying eggs in daylight in shallow water (Brown et al., 2010;  Fig. 1E ). In twilight, live animals usually had their dorsal eye iridophores 'opened' with retracted chromatophores. According to our observations, D. gahi does not have specific longitudinal iridophore stripes on the mantle as in L. vulgaris (in which there are two red, one on the dorsal and one on the ventral surface, and one lateral blue stripe; Ma¨thger & Denton, 2001) . Rather, the whole mantle surface is covered by pink splotches that change their colour reflection depending on the angle of observation. Near the mantle edge, pink splotches are more densely packed, creating a pink 'collar' similar to that in other loliginids, such as Lolliguncula brevis, D. plei and D. pealei (Hanlon, 1982; Cooper & Hanlon, 1986; Hanlon et al., 1999) . Similar to the dorsal eye iridophores, the pink splotches can be completely masked by the overlying brown chromatophores.
Particular attention should be paid to the green-stripe iridophores ventral to the fin bases. These iridophores are apparently similar to those observed in other loliginids, such as D. plei, D. pealei and L. vulgaris, where they have been described either as 'dorsal iridophore sheen' (Hanlon, 1982; Hanlon et al., 1999) or 'green mantle stripes' (Hanlon, 1988; Ma¨thger & Denton, 2001) . However, those authors mentioned that these iridophores were observed on the dorsal side of the mantle close to the fin bases, whereas in D. gahi these stripes are clearly situated on the lateral surface of the mantle under (i.e. ventral to) the bases of the fins. In D. gahi they are visible from the dorsal side through the fin tissues as two bright green stripes. It remains unclear whether the location of these green stripes in D. gahi is indeed different from the three aforementioned loliginid species. Interestingly, males of L. vulgaris bear these green-stripe iridophores and show them during their 'attenuated testis' display when overlaying chromatophores are retracted (Ma¨thger & Denton, 2001) . Sexual dimorphism in this iridophore type has yet not been observed in D. plei, D. pealei or L. vulgaris (Hanlon, 1982; Hanlon et al., 1999; Ma¨thger & Denton, 2001) . However, in D. gahi these stripes are present only in females larger than a certain size (.90 mm ML). A similar observation has recently been reported in D. opalescens (DeMartini & Morse, 2012) . The presence of such a conspicuous sexually dimorphic visual feature in D. gahi females may contribute to how the animals distinguish the sexes from a distance in their comparatively dark habitat, together with body pattern displays (Hanlon & Messenger, 1996; Boal, 2006) and possible chemical cues (Boal, 1997) . It is known that D. gahi migrate from their shallow-water nursery grounds (40-70 m) to deep-water feeding grounds (150-250 m) in schools, with one sex comprising 90-95% of the individuals (Arkhipkin & Middleton, 2002) . Interestingly, the unisex schools start to form when both males and females are still physiologically immature. Females move to deeper waters than males to feed, and stay there until their reverse migration for spawning (Arkhipkin & Middleton, 2002) . At the beginning of their spawning migration, maturing females move through shallower waters of the shelf edge where the males dominate and have their first 'preliminary' mating, which further triggers maturation of the female reproductive system (Rasero & Portela, 1998; Arkhipkin et al., 2008) . The presence of this conspicuous visual character may help both males and females to recognize the members of their school during migration and also to recognize the opposite sex during their preliminary mating. In shallow-water spawning grounds, females may mask their green stripes almost completely, presumably to avoid attracting males when mating could obstruct egg laying.
Similar to its congeners, D. gahi has an array of iridophore types, which help the animal both to conceal the body from potential predators (e.g. ventral splotches, silvery iridophores ventral to the eyeballs and ink sac) and to recognize conspecifics when schooling (e.g. dorsal eye iridophores). We suggest that development of specific bright green stripes of iridophores under the fins only in females contributes to distant sex recognition, both in forming unisex schools and in preliminary mating in the twilight feeding grounds located at the shelf edge.
